To ascertain the potential for histone deacetylase (HDAC) inhibitor-based treatment in non-small cell lung cancer (NSCLC), we analyzed the antitumor effects of trichostatin A (TSA) and suberoylanilide hydroxamic acid (vorinostat) in a panel of 16 NSCLC cell lines via 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay. TSA and vorinostat both displayed strong antitumor activities in 50% of NSCLC cell lines, suggesting the need for the use of predictive markers to select patients receiving this treatment. There was a strong correlation between the responsiveness to TSA and vorinostat (P < 0.0001). To identify a molecular model of sensitivity to HDAC inhibitor treatment in NSCLC, we conducted a gene expression profiling study using cDNA arrays on the same set of cell lines and related the cytotoxic activity of TSA to corresponding gene expression pattern using a modified National Cancer Institute program. In addition, pathway analysis was done with Pathway Architect software. We used nine genes, which were identified by gene-drug sensitivity correlation and pathway analysis, to build a support vector machine algorithm model by which sensitive cell lines were distinguished from resistant cell lines. The prediction performance of the support vector machine model was validated by an additional nine cell lines, resulting in a prediction value of 100% with respect to determining response to TSA and vorinostat. Our results suggested that (a) HDAC inhibitors may be promising anticancer drugs to NSCLC and (b) the nine-gene classifier is useful in predicting drug sensitivity to HDAC inhibitors and may contribute to achieving individualized therapy for NSCLC patients.
Introduction
Several chemotherapy regimens have proven to be effective (1) and are widely applied to treatment for unresected nonsmall cell lung cancer (NSCLC) (2) . However, at present, the effect of these therapies on improving patient survival remains far from satisfactory (1 -3) . Recently, new therapeutic strategies targeting specific tumor-related genes in NSCLC have been developed, such as the use of small molecules that inhibit epidermal growth factor receptor tyrosine kinase, which show a dramatic antitumor effect in a proportion of patients (1) . It is consequently desirable to find more novel therapeutic agents to target NSCLC.
Histone deacetylase (HDAC) and histone acetylase catalyze deacetylation and acetylation, respectively, of histone in eukaryotes, whose dynamic balance is important for the accurate regulation of gene expression in eukaryotes (4) . Imbalance in these key enzymes can bring disorder to proliferation and differentiation in normal cells and then lead to tumor initiation. Various HDAC inhibitors, including suberoylanilide hydroxamic acid (vorinostat), MS-275 (Schering), and trichostatin A (TSA), have been reported to exhibit antitumor activities against hematologic, breast, and bladder malignancies (5 -9) . Although the antitumor activity of HDAC inhibitors against NSCLC has been indicated previously (10 -13) , these prior studies have been somewhat limited in relation to the number of cell types examined. Here, we examined the sensitivity of a series of NSCLC cell lines to HDAC inhibitors in vitro via the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. Our study showed that TSA and vorinostat displayed strong antitumor activities in a proportion of NSCLC cell lines.
This result indicates the need for the development of biomarkers to predict response of HDAC inhibitor treatment in NSCLC. HDAC inhibitors have been reported to be highly effective in up-regulating expression of tumor suppressor genes, reducing tumor growth, and inducing programmed cell death. However, it seems to be difficult to list predictive biomarkers of HDAC inhibitors only by the status of tumor suppressors. In this study, we built a support vector machine (SVM) algorithm model, by which sensitive cells were distinguished from resistant cells, using biomarkers identified by gene expression-TSA drug sensitivity correlation and pathway analysis. A separate set of cancer cell lines validated the prediction performance of this novel SVM model.
Materials and Methods

Cell Lines
We analyzed the expression profiles and sensitivity to HDAC inhibitor treatment of separate two sample sets of human NSCLC cell lines. The training sample set consisted of the following 16 cell lines: PC9, PC7, PC14, A549, LK-2, RERF-LC-KJ, RERF-LC-MS, RERF-LC-AI, PC1, PC3, PC10, ABC-1, EBC-1, LC2/ad, SQ5, and QG56 (set 1). The test set consisted of the following 9 cell lines: Lu65, VMRC-LCD, LCOK, NCI-H1650, NCI-H1975, LCI-sq, LC-1F, NCI-H441, and Calu-6 (Set 2). PC7, PC9, PC14, A549, RERF-LC-KJ, RERF-LC-MS, PC3, ABC-1, LC2/ad, VMRC-LCD, LCOK, NCI-H1650, NCI-H1975, and NCI-H441 are adenocarcinoma cell lines. LK-2, RERF-LC-AI, PC1, PC10, EBC-1, LCI-sq, LC-1F, SQ5, and QG56 are squamous cell carcinoma cell lines. Lu65 is a large-cell carcinoma cell line. Calu-6 is an anaplastic carcinoma cell line. The PC1, PC3, PC6, PC7, PC9, PC10, PC14, and QG56 cell lines were obtained from IBL. The A549, NCI-H1650, NCI-H1975, NCI-H441, and Calu-6 cell lines were obtained from the American Type Culture Collection (14) . The Lu65, LCOK, and VMRC-LCD cell lines were provided by Y. Shimosato and T. Terasaki (National Cancer Center Research Institute; ref. 14). The LK-2 cell line was obtained from the Health Science Research Resources Bank. PC1, PC3, and PC10 cell lines were provided by S. Hirohashi (National Cancer Center Research Institute). RERF-LC-KJ, LC2/ad, SQ5, LCIsq, LC-1F, and RERF-LC-AI cell lines were obtained from the RIKEN Cell Bank. RERF-LC-MS, EBC-1, and ABC-1 cell lines were purchased from the Health Science Research Resources Bank.
MTT Assay for Drug Activity Estimation of cytotoxicity in the above-mentioned cell types was mediated by a rapid colorimetric assay for mitochondrial dehydrogenase activity as described previously (15 -17) . Briefly, cell suspensions (200 AL; 10 5 cells/ mL) were seeded into 96-well microtiter plates (Falcon), and 10 AL drug solution was added at various concentrations (0.1-20 Amol/L). Following 72-h (37jC) exposure to either TSA (Sigma-Aldrich Japan) or vorinostat (Alexis Biochemicals), RPMI 1640 containing 10% FCS, 20 AL MTT solution (5 mg/mL in PBS) was added to each well and incubation was then continued for another 4 h at 37jC. Samples were then subjected to spectrophotometric analysis at 560 nm (Ultraspec 4050; LKB).
RNA Isolation, cDNA Array Hybridization, and Analysis of Hybridization Signals Total RNA was isolated from untreated cell line using standard protocols described previously (18 -20) . We did high-density oligonucleotide array analysis using Affymetrix HG-U133A (22,282 probe sets) expression array (Affymetrix; refs. 16, 20) . Total RNA was used to synthesize double-strand cDNA together with SuperScript II and a T7-oligo(dT) primer. Then, biotinylated cRNA was synthesized from the double-stranded cDNA using the RNA Transcript Labeling kit and was purified and fragmented. The fragmented cRNA was hybridized to the oligonucleotide microarray, which was washed and stained with streptavidin-phycoerythrin. Scanning was done with GeneChip Scanner 3000 (Affymetrix). GeneChip analysis was done based on the Affymetrix GeneChip Manual with GeneChip Operating Software version 1.0 (Affymetrix), and Microarray Database software. For GeneChip analysis, the signal intensity was normalized by using the average of all probe sets. Only present call was used. The transcriptomic data we generated for set 1 was deposited previously in Gene Expression Omnibus (GEO accession no. GSE4127). That for set 2 was also deposited in Gene Expression Omnibus (GEO accession no. GSE10089).
Data Analysis for Transcriptomic Data Data analysis for the correlation coefficients that related the drug activity patterns to the expression patterns of the genes was principally done by a modified National Cancer 
Pathway Analysis
We used pathway analysis to provide a viewpoint of the biological function of genes within the proposed classifier. Pathway analysis was done using the Pathway Architect software (Stratagene). All of the known TSA target genes (HDAC1, HDAC2, HDAC3, HDAC4, HDAC5, HDAC6, HDAC7A, HDAC9, and HDAC11) were added to the list of genes identified by gene-drug sensitivity correlation. The pathways showing the relationships among the genes on the list was drawn by selecting all molecules on the pathway edit window. All relationships among the molecules were retrieved from the database, with this information being derived from PubMed abstracts by natural language processing technology. The function was done by selecting the data of maximum reliability (MAX) by choosing all modes of interactions including ''Promoter Binding'', ''Regulation'', ''Protein Modification'', and ''Expression'' and by taking the relationships supported by three or more consistent data sources. Next, we picked up the incorporated genes out of the imported gene list used at the onset of the pathway analysis, except the subunits of the target gene. Thus, the list of the genes associated with drug response was established in view of not only gene expression profile data but also the biological functions of altered/associated genes. The data from the listed genes were used to build a SVM model with ArrayAssist software (Stratagene) to predict the drug response (IC 50 ).
Real-time PCR Analysis Real-time PCR using ABI PRISM 7700 Sequence Detector system (Perkin-Elmer/Applied Biosystems) was done to quantitate the expression of genes associated with HDAC inhibitor response (NQO1, Sec23A, PSME2, MYL6, HNRPDL, TM9SF1, PDCD4, and PSMB5). All of the PCR primers and TaqMan fluorogenic probes were obtained from Applied Biosystems. Total RNA was extracted from cultured cells and reverse transcribed using the RevaTra Ace Kit, with a random hexamer being used as primer (Toyobo). A portion of the resulting cDNA was used for quantitative PCR in a 25 AL total volume incorporating using the primers, TaqMan probes, and Master Mix, which was composed of PCR buffer, MgCl 2 , dATP, dCTP, dGTP, dUTP, AmpErase UNG, and AmpliTaq Gold DNA polymerase (Perkin-Elmer/Applied Biosystems). The initial thermal cycle conditions were 50jC for 2 min and 95jC for 10 min, as recommended by the manufacturer, followed by 40 cycles of 95jC for 15 s and 60jC for 1 min. Gene expression levels were expressed as ratio of mRNA in a particular sample to the level of glyceraldehyde-3-phosphate dehydrogenase mRNA in that sample. Real-time quantitative reverse transcription-PCR was each done in triplicate for each sample (22) .
Validation Assays
The predictive analysis of the SVM algorithm model was validated by using a separate set of test cell lines. The above-mentioned nine NSCLC cell lines in set 2 were used for this testing process, with the SVM model being applied to classify cell lines as sensitive or resistant based on gene expression profiling data. Figure 1 shows the sensitivity of TSA (Fig. 1A) and vorinostat (Fig. 1B) against the training set of cell lines. Accordingly, the concentrations used in the present study are clinically achievable. In our study, TSA and vorinostat both displayed strong antitumor activities in 8 of 16 NSCLC cell lines. There was a strong correlation between the responsiveness to TSA and vorinostat (Spearman rank correlation r = 0.949, P < 0.0001) in the panel of 16 NSCLC cell lines tested (Fig. 1C) . However, the responsiveness to HDAC inhibitors was different from that observed previously with other classes of anticancer agents (16, 17, 20) . Clinical trials with vorinostat showed that serum levels in treated patients reached 0.43 to 2.98 Amol/L (6, 7). The pharmacokinetic (Fig. 1C) , cell lines were classified into three groups. Eight of these cell lines (RERF-LC-MS, PC14, PC9, A549, LK-2, EBC-1, RERF-LC-AI, and PC1) had an IC 50 Gene Expression-Drug Sensitivity Correlation We previously used Affymetrix GeneChip technology to perform gene expression profile analysis of the same set of 16 NSCLC cell lines (set 1; ref. 20) . To avoid the influence of cell culture artifacts, we separately cultured each cell line in six bottles (22) . Signal intensities were normalized by comparison with the average values of all probes. As most of all cell lines belonged to highly sensitive or resistant group in the antitumor sensitivity to TSA, we used the MTT results for TSA for the development of a molecular model of sensitivity to HDAC inhibitors. The top 19 genes associated with TSA sensitivity are listed in Table 1 .
Results
Effect of HDAC Inhibitors on Cell Growth
In vitro Drug sensitivity tests of HDAC inhibitors (TSA and vorinostat) were done on an initial panel of 16 human NSCLC cell lines via MTT analysis.
Pathway Analysis
In addition, pathway analysis was done with Pathway Architect software to provide a viewpoint of the biological function of genes within the proposed classifier. All subunits of the target gene of the compound used in this study (TSA), namely HDAC, were added to Table 1 . To try to develop the classifier by the molecules with the biological relation to HDAC, the molecules not incorporated in the drawn pathway in these steps were removed and picked up the incorporated genes out of the imported gene list used at the onset of the pathway analysis, except the subunits of the target gene ( Supplementary Fig. S1 ). 4 Thus, the list of the genes including nine genes associated with the drug response was established in view of not only gene expression profile data but also the biological functions of altered/associated genes ( Table 1) .
Building a SVM Algorithm Model We used nine genes, which were listed by gene-drug sensitivity correlation and pathway analysis, to build a SVM algorithm model by which eight sensitive cell lines were distinguished from five resistant cell lines (Supplementary Fig. S2A-C) . 4 The nine-gene signature was an independent predictor of TSA activity. In this classifier, PDCD4 and HNRPDL were up-regulated and NQO1, SEC23A, PSME2, MYL6, PSMB5 , and TM9SF1 were down-regulated (Table 1 ). Of these, three genes (NQO1, SEC23A, and PSME2) were particularly associated with drug activity in Partial Least Squares analysis (Fig. 2) .
All training set samples were correctly classified concordant with the preclinical response to TSA treatment ( Supplementary Fig. S2A-C) . 4 Three cell lines with intermediate sensitivity (IC 50 ; 1 < X < 20) were categorized into the responsive group (Supplementary Fig. S2D ). 4 We also validated the prediction performance of this SVM system by testing against an additional nine cell lines, resulting in a prediction value of 100% for determining the response to TSA and vorinostat ( Table 2 ). The nine genes categorized two lines with intermediate sensitivity to TSA treatment into the responsive group. The expression level of these genes, as quantified by GeneChip-based DNA microarray analysis, was validated using real-time PCR (Spearman rank correlation r = 0.701, P < 0.0001) in the training sample cell lines (Supplementary Table S1 ). 4 
Discussion
In our study, HDAC inhibitors displayed strong antitumor activities in 8 of 16 NSCLC cell lines tested, suggesting the need for predictive markers to select patients. With a view toward developing predictive markers for determining response to HDAC inhibitor treatment in the context of individualized therapy for NSCLC, we did a gene expression profiling study using cDNA arrays and related the cytotoxic activity of TSA to corresponding gene expression patterns using a modified National Cancer Institute program. Pathway analysis was also done to reduce substantial false positives based only on the expression level of altered genes. From this analysis, we identified nine genes to build a SVM algorithm model. The prediction performance of the SVM model was validated by an additional nine NSCLC cell lines, resulting in a prediction value of 100% for determining the response to TSA and vorinostat (Table 2) .
In previous studies, HDAC inhibitors have been shown to inhibit the proliferation of a wide variety of transformed cells in vitro, including lymphoma, myeloma, leukemia, and NSCLC (6), and inhibit tumor growth in rodent models of a variety of solid tumors and hematologic malignancies by both parenteral and oral administration, including prostate cancer (23), leukemia (24) , breast cancer (25, 26) , glioma (27) , and lung cancer (28) . In lung cancer, vorinostat and TSA were reported to suppress cell growth of a small number of NSCLC cell lines (12, 29, 30) . In our study, these two HDAC inhibitors had distinct and differential activities in the panel of NSCLC cell lines tested. These results suggested that clinical studies in selected NSCLC patients would be required for a more refined evaluation of these drugs.
In this study, nine genes [NQO1, SEC23A, PSME2, MYL6, PSMB5, TM9SF1(1), PDCD4, HNRPDL, and TM9SF1(2): TM9SF1(1) and TM9SF1(2) were exons 3 and 6 of the TM9SF1 gene, respectively] were identified that were associated with the response of HDAC inhibitors in NSCLC cell lines, and three genes (NQO1, SEC23A, and PSME2) were particularly associated with drug activity (Table 1) . The NQO1 gene is a flavoenzyme that catalyzes the twoelectron reduction of quinones and nitrogen oxides (31, 32) . A major function of this enzyme may be to decrease the formation of reactive oxygen species by decreasing oneelectron reductions and associated redox cycling (33) . It has been shown to activate some anticancer drugs (34) . In addition, it was reported previously that inhibition of NQO1 reduces the malignant phenotype of pancreatic cancer cells in vitro (35) . Additionally, another mechanism involved in p53 turnover, apart from the Mdm-2-ubiquitinproteasome degradation pathway, was regulated by NQO1 (36) . Inhibition of NQO1 activity by dicoumarol induces p53 and p73 proteasomal degradation, indicating that NQO1 plays a role in p53 stabilization (37) . Moreover, stress-induced NQO1 and NQO2 transiently stabilize p53, which leads to protection against the adverse effects of stressors (38) . In addition, interactions of p53 and HDAC were reported to result in p53 deacetylation, thereby reducing its transcriptional activity (39) . Therefore, NQO1 expression may be involved in the activities of HDAC inhibitors.
PDCD4 is a recently discovered tumor suppressor protein that inhibits protein synthesis by suppression of translation initiation (40) . PDCD4 is ubiquitously expressed in normal tissues, but its expression is lost or suppressed in several tumors, including lung, breast, colon, brain, and prostate cancers (41) . Loss of PDCD4 expression in human lung cancer cells correlates with tumor progression and poor prognosis (42) . In addition, ATRA-induced PDCD4 expression is mediated by inhibition of the phosphatidylinositol 3-kinase/Akt/mTOR survival pathway that constitutively represses PDCD4 expression in AML cells (43) . PDCD4 was reported to block phosphorylation of c-JUN (44) , and inhibition of HDAC may activate mitogenactivated protein kinase pathways such as stress-activated signal transduction pathways by c-Jun NH 2 -terminal kinase leading to AP-1 activation (45) . Therefore, PDCD4 overexpression may influence on the activity of HDAC inhibitors through mitogen-activated protein kinase pathway. Other genes [SEC23A (46) , PSME2 (47, 48), MYL6 (46), PSMB5 (49), TM9SF1 (46), and HNRPDL (49)] have been reported to interact with HDAC signaling in several profiling studies and network analyses. It is unclear how the expression of these genes might be related to the sensitivity of HDAC inhibitors. Otherwise, proteasome subunits, derived from PSME2 and PSMB5 genes, are multicatalytic proteinase complexes, which are distributed throughout eukaryotic cells at a high concentration and cleave peptides in an ATP/ubiquitin-dependent process via a nonlysosomal pathway (50) . The SEC23A and TM9SF1 genes contribute transporter activity. Other genes were not reported to the associated with drug resistance, apoptosis, or proliferation. The contributive scores of TM9SF1 gene were small but on opposite direction. TM9SF1(1) and TM9SF1(2) are exons 3 and 6, respectively. The transcript variants of this gene were reported. 5 When using DNA microarray-based gene expression profiling and clinical response data, it is sometimes difficult to consistently reproduce gene-drug sensitivity correlation data. There seem to be several reasons for this difficulty. First, these data are often influenced by sampling methods, sample preservation status, tumor size, tumor environment status including tumor vessels and inflammation, etc. In our study, these influences were minimized due to the use of cultured cell lines. However, cell lines differ from tumors and should therefore be considered as surrogates that may contain information on the molecular cell biology and molecular pharmacology of cancer. Second, the relative list between gene expression and drug activity might contain statistical false positives, in general, even if the precision of the data analysis method is high enough, because all analyses are based only on the expression data originally containing certain dispersion. Here, we used pathway analysis with a view to taking into account the biological function of each gene in an effort to reduce false positives. We showed that the biomarkers listed by gene expression-TSA drug sensitivity correlation and pathway analysis can be confidential if the prediction performance of a SVM model only by these biomarkers was validated.
In conclusion, our results suggested that (a) HDAC inhibitors may be promising anticancer drugs to NSCLC and (b) the nine-gene classifier is useful in predicting drug sensitivity to HDAC inhibitors in NSCLC and may contribute to achieving individualized therapy for NSCLC patients.
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